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shown that these '^P^U^^iS^SS^ 
t.ss«e specification during embryogenesis. 
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The transforming growth factor fTGF)-p superfamily is 
one of the largest groups of highly conserved intercel- 

? rceuhting em bryonic growth 

and differcm:at,on. Th,s superfamily, which currently 
includes at least 24 members, has "several subgtW 
The main groups are TGF-P$, decapentjptegic-Ve^ted 

(DVR)proteim(indudingthetonemorphogen!tiW 
terns or BA^s), an d activins [l-]. SomT members 
not be classified into a specific subgroup, however, and 
new ones are still being identified. 

2? ** year * 8e J ne l tic ' bi <**cmical. and functional 
studies have supported the idea that TGF-P related pro- 
terns mediate inductive. interactions during development 
In some cases these interactions involve a simple switch" 
m the fate of the responding cells. In other systems, ev- 
idence suggests diat TGF-P related proteins behave as 

^S < £?^ S, acC, »* over Kh ^Y distances in a 
graded fashion to differentially specify cell fate. This re- 

cell lines " "* "** ***** with var *° us 

Structural and biochemical analysis 



TGF-p related proteins arc synthesized as large pre-pro 
precursor molecules that are cleaved at an Are-X-X- 
Arg site (where X can be any amino acid) * release 

wS5°^ termmal PCp 5 de ° f 11(M4 ° a «ds. of 

which 7-9 are conserved cysteine residues. One of these 
cysteines is involved in intermodular disulfide bond- 
ing to give a biologically active homo- or hetero-dimer 

Comparison of the crystal structures of three different 
grawthfictors. TGF-P2, platelet-derived growth fee- 



tor (PDGF)-BB and nerve growth factor (NGF) has 

two pairs of p-strands and an arrangement of conserved 
cysreme residues known as the 'cystine w ^huT 
although htde overall sequence sinkrity is seen betweS 

Wat SeTfave?" f ^ *" ^ ^™ 
ways, they have a similar protomeric organization. 

Recendy, several new members of the DVR , u h, 

derived neurotrophic factor (GDNF), dorsalin-l ™d 
Jjo proteins which lack the conserved rt£ 
mvolved m dimenzation, namely growth/different- 

In m rfrwD t g> the ev °^onary relation- 

ships of DVR subgroup members. In some iiisLces the 
conservaoon of sequence means that vertebnte and 
vertebrate proteins can be functionally suSted for 
«am P le, two D„ !op hil, proteins, D& in- 
duce bone when injected subcutaneously in rat 101 

SET* Padge "/' * M ^sritutedAe c^- 
termmal sequence of human BMP-4 with that of DPP 
to rescue DrosophUa de^.ap^ m mu jTemb^s 

BMP-4 dpV Joa refits ceB ^ BMP - 2 - 

J -,, *, TGF ' Pl ' and DVR "6 are all pro- 
ce^ed similarly ^ predicted> ^ 

mature region are secreted into the medium ([12-171 
■ NA Wall, unpublished data) The in ViVL 
ftf t/^c a i j . lne vtv <> processing 
o: TGF-p related proteins is much less well under- 

S n^TT BMP ' 1, ^ co " purified wi * 
rlS? - ^ not resemb!e TGF "P- bu < 

an astacm menOloproteinase domain and is closely re- 
?7 to die Dnsophik tottoid gene product [181. Null 
mmants of lolloid have a phenotype very simL'to <£p 
mutant,, and ^d ^ expression donxains overlap 
LSdfl 1 f 0 *™*™* «88«t that the proteir, 
is indirectly mvolved in proteolytically activating TGF- 



rCF^ansX^^^^o^ gwth faaof . 
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P related proteins [20,21]. Recently, a Xenopus BMPA 
gene has been cloned and its expression shown to be 
tightly controlled during early development (22]. This 
raises the possibility that the activity of TGF-£ related 
Actors can be regulated in vivo at the level of protein 
processing. 

New TGF-p related ligands continue to be identified 
but relatively little is known about their receptors, which 
fill into two classes, type I and type II, both of which 
are families of transmembrane serine/threonine kinases. 
Whereas genes encoding receptors for TGF-p and ac- 
tivin have been cloned, only recently have candidate re- 
ceptors for DVRs been reported. These include daf-4, 
a Caenorhabditis elegant type II receptor which can bind 
BMP-2 and BMP-4, and the Dmsophila saxophone prod- 
uct, which appears to be a type I DPP receptor (23,24]. 

Genetic analysis of gene f unction 

In the past year, several groups have published excit- 
ing new data on the function of dpp in Dwsophila. 
Among other things, these studies raise the possibility 
that dpp regulates and is regulated by two other secreted 

£T l A h t Ct ? T f\ encoded b V <«S) and hedgehog 

(hh). As both hh and ug-type (Wnt) genes exist in verte- 
brates, work on dpp in Drosophih provides an important 
paradigm for the understanding of TGF-p related gene 
function in higher organisms. 

The dpp gene is necessary for several difiercnt mor- 
phogenetic processes during Drosophita embryogenesis, 
including dorsal/ventral patterning of the embryo, es- 
tablishment of the proximo-distal axis of appendages, 
eye development, and midgut morphogenesis [25-27] 
In dorsal/ventral patterning, evidence suggests that the 
DPP protein acts as a morphogen regulating dorsal cell 
fate [28]. Whart n et al [29-] have demonstrated that 
increasing the number of dpp genes in either mutant or 



Fig, 1 . Phyrogenetie relationships of deca- 
penrap/^c-Vg-ngfated (Dvr) proteins on 
the basis of comparison of carboxy-termu 
nal sequences using the computer pn> 
■ gram PAUP 3.1 (59). Similarity is in- 
dicated by the horizontal distance of 
any two sequences from a branch point, 
m— mouse; h— human; x^Xenopur, 
z— zebrafish; g— CaHus (chick); DPP-^ 
decapentaplegic; BMP^-bone morpho- 
genetic protein; OP— osteogenic pro- 
tein; C DF — growth/differentiation factor; 
Vgr— Vg-related; G DNf — g| ial-derived 
neurotrophic factor. 

wild-type embryos results in the formation of an in- 
creasing number of dorsal type cells in a dose-dependent 
manner. 

During midgut development, DPP is made in the 
visceral mesoderm and induces changes in gene ex- 
pression in the adjacent endoderm, thus providing a 
model for undemanding epithelial/mesenchymal inter- 
actions in higher organisms. Studies have shown that dpp 
transcription in the mesoderm is activated by the HOM 

% r^ tr ^t r ^J Ubx) and re P ressed b r Nominal. 
A (Abd~A) [30-J (Fig. 2a). In both cases, regulation is 
direct and involves multiple DNA-binding sites in a 5' 
upstream region of dpp [31-.32]. In the endoderm DPP 
switches on the HOM gene labial which has a DPP- 
response element in its 5' upstream region [33]. These 
studies clearly show that dpp acts during development 
both upstream and downstream of homeotic genes. 

Studies on eye morphogenesis demonstrate yet another 
key role for dpp during Drosophila development [34"] In 
Chis case, dpp is expressed in the morphogenetic furrow, 
a wave of organizing activity that moves across the eye 
imagmal disc (Fig. 2b). Transcription of dpp is regulated 
by the extracellular signaling molecule encoded by hh 
and DPP induces" morphogenesis in front of the furrow 
P5"J. In the leg disc, dpp is also regulated by hh [36-] 
and cooperates with wg in the regulation of the home- 
obox gene aristaless, which then acts as an organizer for 
proximal/distal patterning [37"] (Fig. 2c). In this case, 
at least three signaling molecules, hh, DPP, and Wg co- 
ordinate to generate patterning in an epithelial sheet. 

Dwsophila is not the only system providing generic clues 
co the biological importance of TGF-& related genes 
Important contributions are now beginning to come 
from mice with mutations or targeted disruptions of 
genes m this family. The short ear (se) mutant has deletions 
or rearrangements in the gene for BMP-5 that are asso- 
ciated with loss of specific skeletal structures, indicating 
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a role for the gene product in skeletogenesis [38? I n the 
«e of the mouse mutation 413-d,1udies haS'sho^ 
^ fo ™ i««rrion in the TG^P 

Earned dorsal mesoderm and notochord [>< ,39 JS °£ 
« pressed .n a small gmup of cells ^und the nod? 

Targeted disruptions of TGF-fil infc;k;~ ~ j 
m h «WH» ^tant mice Mice that are hJoS^S 



F«- 2. Schematic models for some of 
the interactions of decapentaplegic (dpp) 
with transcription factors and other Te- 
la mg molecules during Drosophila de- 
velopment. (,) During visceral meso- 
etemVendoderm interactions In embry. 
omc m.dgut development, ubx direaly 
and positively < + > regulates dpp .^scripl 
tion, whereas Abdominal-A (Abd-A) in- 
hibit* it W. The DPP protein elicits 

Z "*^f ,luta ' ^llng pathway in 
the endoderm that positively regulates 
labial transcription. DPP also indirectly 
mamrains Ubx expression. Other inter- 

f^. a ^ d / egUla,0fy fac,0r5 a « likely 
f30-,3l«,33j. (b) Ouring eye disc deveU 

opment differentiated cells posterior to 
the morphogenetic furrow express neoVe- 
tog (hh). The diffusible hh signal reg- 
ulates dpp expression in the cells of 
tnemorphogenetic furrow (anterior) DPP 
protein ,hen mediates, directly or in- 
direaly, morphogenesis anterior to the 
moving furrow {34",3S"J. (c) During 
leg disc development, cells expressing 
ingr d ,led (en) in the posterior leg disc 
express hh, and hh diffuses anteriorly to 
adjacent cells to regulate dpp and wing- 
less <wg) expression in dorsal and ventral 
ys, respectively. The interaction of 
DPP and We results in the focal transcrip. 
tional activation of the homeobo* gene 
ar/sotes ( a/) which is though( tQ 

a distal organiier [36»*,37~]. 
null mutant for TGF-pl are viable for a few weeks before 
cate that the embryo does not need to produce TGF-Bl 

^^tS^T^ alth0ugh the mother «S p~- 

dlfiLE f ^ pTOtcin in the uterus and milk Mice 

XmLSS^ ^ors suggesting that one function of 
tferfrS I* regulate or SU PP"» stronul cell pro 
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eliminates activin pB from playing a role in embryonic 
pattern formation. 

Functional analysis 

Besides genetic studies, various groups have used puri- 
fied peptides and/or RNA misexpression to explore the 
function of TGF-P related proteins in a variety of in vitrv 
assays. Overexpression of DVR-4/BMP-4 in Xenopus 
embryos causes induction of posterior and ventral types 
of mesoderm, whereas activin can induce dorsal types of 
mesoderm. In both cases, the proteins appear to act in 
part by regulating the expression of anterior-posterior- 
specific homeobox genes [44-48]. On the basis of the 
localization of its mRNA to the vegetal pole, Vg-1 
was a prime candidate for an in vivo mesoderm inducer 
[49]. Initial experiments involving misexpression of Vg- 
1 mRNA did not show any e fleet on mesoderm forma- 
tion, however. Although Vg-1 protein was produced, it 
was not processed to release the active, carboxy-terminal 
homodimer (50], Recently, two groups have used con- 
structs encoding chimeric proteins (BMP^2/Vg-1 and 
BMP-4/Vg-l) that circumvent the block on protein 
processing and have shown that mature Vg-1 does in- 
duce dorsal mesoderm [51 ",52"]. Moreover, chimeric 
Vg-1 protein can rescue embryos ventralized by UV 
irradiation, suggesting that it acts by induction of the 
Nieuwkoop center. It now appears, therefore, that Vg-1 
is an endogenous dorsal mesoderm inducer in Xenopus 
embryos, but is tightly regulated at a post-transcriptional 
level. 

Two in vitro systems exploring epithelial/mesenchym- 
al interactions in vertebrates have implicated a mediating 
role for BMP-4 and BMP-2. Vainio et ah [53"] have 
demonstrated that during tooth development, BMP- 
4 protein, which is initially expressed in presumptive 
dental epithelium, induces expression of several genes, 
including the endogenous BMP-4 gene, in adjacent 
mesenchyme. In the limb bud, where the apical ectoder- 
mal ridge influences the proliferation and differentiation 
of the underlying mesenchyme, Niswander and Martin 
(54"] have reported that BMP-2, which is transcribed 
in the apical ectodermal ridge, attenuates the prolifera- 
tion of mesenchymal cells by fibroblast growth factor-4, 
a growth factor produced in the posterior apical ecto- 
dermal ridge. 

In addition, BMP-2 modulates the differentiation of 
C3H10T1/2 cells, a mesenchymal stem cell line that can 
differentiate into myoblasts, chondrocytes, osteoblasts, 
and adipocytes. When treated with recombinant BMP- 
2, C3H10T1/2 cells differentiate into chondrocytes 
and osteoblasts at high protein concentrations and into 
adipocytes at low concentrations (55], No myoblasts 
form in response to addition of BMP-2. In fact, Mur- 
ray et al, [56] have reported that BMP inhibits expression 
of four myogenic determination genes, encoding myo- 
genin, MyoD, herculin, and myf-5, in two myogenic 
ceD lines. These results suggest that, in Ww, one factor 
regulating the differentiation of multipotem mesenchy~ 



mal stem cells into different mesodermal phenorypes is 
the local concentration of DVR protein to which they 
are exposed, either during embryogenesis or during pro- 
cesses such as wound healing and tissue repair. 

Evidence for the patterning activity of TGF-P related 
proteins is also found in the developing nervous system. 
The domlin^l gene is normally transcribed in the dor- 
sal roof plate of the chick embryonic spinal cord When 
dorsalin-1 protein is added to cultured spinal cord ex- 
plants, differentiation of neural crest cells is enhanced, 
whereas differentiation of ventral motor neurons is in- 
hibited. It appears, therefore, that dorsalin-1 regulates 
the fate of dorsal cell types in the embryonic neural 
tube. A distantly related protein, GDNF, is capable of 
acting as a neurotrophic factor by specifically promoting 
the survival of midbrain dopaminergic neurons in vitro. 
Although several other TGF-p members are expressed 
in the nervous system at various times during embryo- 
genesis, it is not yet known precisely how they function 
(15,57,58]. 

Conclusions 

TGF-P related genes encode a large and growing family 
of structurally related secreted signaling molecules. Ex- 
pression studies reveal that many of these genes are ac- 
tive in embryonic tissues undergoing inductive interac- 
tions and patterning. Genetic and functional studies sup- 
port the idea that TGF-P related proteins mediate these 
events by acting upstream and downstream of transcrip- 
tion factors and other growth factors. 

Future research will continue to examine the functional 
roles of these proteins during development. Targeted 
gene disruption in mice and interbreeding of different 
mutant lines will help to reveal which developmental 
processes require members of this superfamily family, 
and the production of purified proteins and antibod- 
ies will provide tools for elucidating the mechanisms 
involved. Also, identification of more receptors will fa- 
cilitate our understanding of the signaling pathways ac- 
tivated by TGF-P related proteins. In fact, investigating 
these intracellular pathways appears to be one of the most 
important future directions to be taken in studying the 
role of TGF-P related genes during development. Given 
tfie high degree of sequence identity between members 
of the TGF-p superfamily; it will be interesting to de- 
termine the specificity or promiscuity of ligand-receptor 
interactions and to understand how die same Hgand may 
elicit very different responses in different embryonic 
tissues. Finally, more data are needed about the rela- 
tive roles of gene transcription, protein processing and 
degradation, and extracellular binding of mature protein 
in regulating the availability of ligand to receptors in re- 
sponding tissues. 
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